Considerable correlative evidence suggests an important role for matrix metalloproteinases (MMPs) in menstruation, a process which occurs naturally in very few species. In this study, MMP expression was examined in a mouse model of endometrial breakdown and repair and the functional importance of MMPs determined. In the model, progesterone support was withdrawn from mice in which endometrial decidualization had been induced; 24 h later, endometrial breakdown was complete, and the entire decidual zone had been shed. Re-epithelialization had occurred by 36 h, and the endometrium had undergone extensive restoration toward a predecidualized state by 48 h. Immunoreactive MMP9 and MMP7 colocalized with leukocyte subsets, particularly neutrophils, whereas MMP13 staining was always extracellular. MMP3 and MMP7 were abundant during re-epithelialization in close proximity to newly reforming epithelium. The functional importance of MMPs in these processes was examined using two MMP inhibitors, doxycycline and batimistat. Both inhibitors effectively reduced MMP activity, as assessed by in situ zymography, but did not have significant effects on endometrial breakdown or repair. This study demonstrates that although MMPs are present in abundance during endometrial breakdown and repair in this mouse model, they are not the key mediators of these processes.
INTRODUCTION
Menstruation is the loss of most of the functionalis layer of the endometrium of women, accompanied by bleeding, that occurs following withdrawal of steroid hormone support at the end of each menstrual cycle. During the past decade, considerable evidence has been presented to support the contention that MMPs, proteases that have combined specificities for all components of extracellular matrix, are key players at menstruation [1, 2] . This evidence includes strong correlative data including immunolocalization of MMP proteins in perimenstrual phase endometrium [3] [4] [5] [6] [7] , localization of MMP mRNA by Northern blot [8] and in situ hybridization [9, 10] , and demonstration of increased MMP activity [11] in human endometrium taken immediately before and during menstruation. Furthermore, studies with endometrial explants in culture [12] , showed that inhibition of MMPs, but not of other classes of proteases, inhibited explant breakdown.
Menstruation occurs naturally only in very small numbers of animal species: Old World primates and some bats [13] [14] [15] , both of which are available for experimentation only at specialist facilities. MMPs have been shown to be associated with the follicular-luteal transition in rhesus monkeys [16] , but to date no functional studies have been performed to establish whether or not MMPs are critical for menstruation. A mouse model of endometrial breakdown and repair, first developed in the 1980s [17] , was recently established in our laboratory [18] ; suitably steroidprimed ovariectomized mice are subjected to a decidualizing stimulus, and, once decidualization has progressed appropriately, progesterone (P) is withdrawn. Over the following 24 h, the integrity of the decidualized endometrium becomes progressively disturbed, and eventually the endometrium is entirely degraded and shed. Repair of the endometrium is equally rapid, with re-epithelialization preceding stromal restoration; repair is complete in most animals by 48 h after withdrawal of P.
The present study examined in detail, the production and cellular location of MMPs during the processes of endometrial breakdown and repair in this mouse model and showed that these are remarkably similar to the patterns of MMP production during the perimenstrual and menstrual phases in the human endometrium. Furthermore, two inhibitors of MMPs-doxycycline, a relatively nonspecific MMP inhibitor, and batimastat, a broad-based, potent inhibitor of MMP activity-were separately administered to the mice during these processes to establish whether menstrual breakdown and repair proceed in the absence of MMP activity.
MATERIALS AND METHODS

Animals
Female C57BL/6 mice of 8-12 wk of age were housed in standard conditions with food and water provided ad libitum and a constant light cycle of 12L:12D (lights-on from 0800 to 2000 h). Ethics approval for this project was granted by the Monash Medical Center Animal Ethics Committee.
MMPS IN AN ENDOMETRIAL BREAKDOWN AND REPAIR MODEL
the back of each mouse and 5 ng of 17␤-estradiol in arachis oil was injected s.c. approximately 0900 h on that and the subsequent 2 days. The P implants were prepared by filling silastic tubes (0.062 inches internal diameter, Dow Corning, Midland, MI) with crystalline P (Sigma Chemical) and sealing the ends with polyethylene plugs, such that the functional length of each implant was 1 cm. The implants were incubated overnight at 37ЊC in Tris-buffered saline pH 7.35 (TBS)/1% fetal calf serum (FCS; Trace Biosciences, Sydney, Australia). At approximately 1100 h on the day of the final 17␤-estradiol injection, 20 l of sesame oil was injected into the lumen of the right uterine horn of each mouse to induce decidualization. The left horn remained untreated as a control. The P implants were removed 49 h later. Mice were killed at the time of implant removal (0 h) and 12, 16, 20, 24, 36 and 48 h thereafter (at least three mice per time point) and the uteri were harvested for further analysis. Uteri were cleaned of fat and weighed. Any mouse in which the oil-treated horn had not decidualized (as evidenced by weight Ն 400% of the untreated contralateral horn) was excluded from the study. Tissue was fixed in Carnoy fixative for 4 h or formalin fixative overnight and processed to wax. Some was snap frozen in OCT compound (Sakura Finetek, Torrance, CA) and stored at Ϫ80ЊC for no more than 2 wk before use. Other tissue was snap frozen in liquid nitrogen before storage at Ϫ80ЊC.
Treatment with MMP Inhibitors
Two inhibitors of MMPs (doxycycline and batimastat) were used in these studies. Doxycycline hydrochloride (Sigma) is a broad-based but nonspecific inhibitor of MMPs [19] . Batimastat is a hydroxamate MMP inhibitor that is highly specific for MMPs and the closely related ADAM (a disintegrin and metalloproteinase) enzymes, and is highly effective in inhibiting MMP activity in mice [20, 21] . Mice were randomly assigned into vehicle and treatment groups (n Ն 4 mice per group). Doxycycline was prepared at 5 mg/ml and 0.1 ml was administered orally on the back of the tongue twice a day from the time of P withdrawal for 48 h. Batimastat (a gift from Vernalis Ltd, Wokingham, England) was prepared at 3 mg/ml, and 35 mg/kg of body weight was administered intraperitoneally 3 h before and 21 h after P withdrawal. Mice were killed at either 24 or 48 h after P implant removal and the uteri were harvested and processed as above.
Extraction of MMP from Tissues
MMPs were extracted from samples of mouse uterus as described previously [22] . Weighed tissue was homogenized on ice in 0.01 mol CaCl 2 L Ϫ1 with 0.25% Triton-X100 (1:20, w/v) and centrifuged at 9000 ϫ g for 30 min. The pellet was resuspended in 10 volumes of high-calcium Tris buffer (0.1 mol CaCl 2 L Ϫ1 , 0.05mol Tris L Ϫ1 , 0.15 mol NaCl L Ϫ1 , pH 7.5), heated to 60ЊC for 6 min, and recentrifuged, and the supernatant (heat extract) was frozen. This method dissociates any metalloproteinases bound to substrate. The extract was subjected to gelatin zymography for analysis of MMP content.
Gelatin Zymography
Protein activity in heat extracts was analyzed by zymography on 10% (w/v) SDS-polyacrylamide gels containing 1 mg/ml gelatin (all reagents from Bio-Rad, North Ryde) under nonreducing conditions and with standard MMPs as previously described [22] . Loading of samples was normalized such that a volume representing the same wet weight of tissue (1 mg) was applied to each lane. Gelatinase activity was visualized by negative staining and bands were identified by comparison with known human MMPs present in culture medium from baby hamster kidney cells transfected with MMP9. MMP identity of all bands was verified by incubation of parallel gels in the presence of EDTA (5 nM).
Immunohistochemical Analysis of MMP3, MMP7, MMP9, and MMP13
Immunohistochemistry was conducted to detect MMP3, MMP7, MMP9 and MMP13 in cross sections of uterus at different times following P withdrawal. Rabbit anti-rat MMP7(a) was a gift from Prof. J.F. Woessner Jr. (Univeristy of Florida, Gainesville, FL) [23] , rat anti-human MMP7(b) monoclonal antibody (#338) was a gift from Prof. L.M. Matrisian (Vanderbilt University, Nashville, TN), rabbit anti-mouse MMP3 was a gift from Dr. L. Moons (Flanders Institute for Biotechnology, Leuven, Belgium), and mouse anti-rat MMP13 [24] was a gift from Dr. J.G. Lyons (University of Sydney, Sydney, Australia). Goat anti-mouse MMP9 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Paraffin sections (5 m) of Carnoy-fixed tissues (except when 2m serial sections of formalin-fixed tissue were used in parallel with neutrophil detection) were dewaxed in histosol and rehydrated through descending grades of ethanol. They were then immersed in 0.1 M citrate buffer and heated for 5 min in a 700-W microwave oven set to medium. Once the slides had returned to room temperature (RT), they were rinsed in distilled (d) H 2 O and immersed in 3% H 2 O 2 in methanol for 30 min at RT. Sections were then incubated with blocking solution containing 10% normal rabbit serum (MMP7b), 10% normal goat serum (MMP3 and MMP7a), 20% normal horse serum (MMP9), or 20% fetal calf serum (MMP13) in Tris-buffered saline pH 7.6 (TBS) for 20 min (10 min for MMP13) at room temperature. Sections were incubated for 1 h with primary antibodies diluted in 10% fetal calf serum (FCS)/TBS to 1g/ml (MMP3), 1/500 (MMP7a), 1/300 (MMP7b) or 1g/ml (MMP9), then washed sequentially in TBS, 0.6% (v/ v) Tween-20 in TBS, and three times in TBS. Biotinylated rabbit anti-rat IgG for MMP7a, biotinylated goat anti-rabbit IgG for MMP3 and MMP7, and biotinylated horse anti-goat IgG (DAKO, Glostrup, Denmark) for MMP9, diluted at 1/200 in 10% FCS/TBS, were applied for 45 min at RT and the slides washed as described above. For MMP13, an ARK kit (DAKO) was used according to the manufacturer's instructions. In brief, the primary antibody was prepared to a final concentration of 1.5g/ml in the biotinylated secondary antibody, incubated for 15 min at RT, and then blocking reagent (normal mouse IgG) was added and incubated for 5 min before application to sections for 30 min at RT. For all staining protocols the Strept ABC horseradish peroxidase (HRP) kit and diaminobenzidine solution (DAKO) were used in accordance with the manufacturer's specifications to reveal the MMP3, MMP7a, MMP7b, MMP9, and MMP13 staining. Sections were lightly counterstained with Harris hematoxylin (Accustain; Sigma Diagnostics, Castle Hill, NSW, Australia), dehydrated, and mounted using DPX mounting medium. Negative controls were included for each tissue section by substitution of the primary antibody with a matching concentration of normal rat IgG for MMP7a, normal rabbit IgG for MMP3 and MMP7b, normal goat IgG (Sigma Diagnostics) for MMP9, and normal mouse IgG for MMP13.
Analysis of MMP9 Immunohistochemistry
A microcomputer imaging device from Imaging Research (Brock University, St. Catherine, Ontario, Canada) was used to determine the average number of immunoreactive MMP9 positive cells per mm 2 . Cell numbers were analyzed separately in basal and decidualized areas of tissues. Cell counting was performed by the same observer and sections were scored blind [25] .
Colocalization Studies
Dual immunohistochemistry was performed on Carnoy-fixed tissues for macrophages and MMP7 or MMP9. Because of incompatible staining requirements for MMP9/MMP7 and neutrophils, serial 2 m sections were cut from formalin-fixed tissues and adjacent sections subjected separately to the different protocols. MMP9 and MMP7 staining was performed as described above.
Immunolocalization of neutrophils used the rat anti-mouse monoclonal MCA771GA (Serotec) diluted to 20 g/ml in 10% FCS/TBS. After heating in citrate buffer for 5 min at high level and 3 min at medium-low level in a 700-W microwave oven, sections were immersed in 3% H 2 O 2 in methanol for 5 min and blocked with 20% normal rabbit serum (NRS) for 5 min at RT. Primary antibody incubation was for 30 min at RT. Incubation with biotinylated rabbit anti-rat IgG (1:200 v/v in 10% FCS/TBS for 30 min) (DAKO) followed by the Strept ABC-alkaline phosphatase (AP) reagent preceded color development with fuchsin (DAKO).
Immunolocalization of macrophages was performed on Carnoy-fixed tissue using the rat anti-murine F4/80 pan macrophage antibody (BMA Biomedicals, Rheinstrasse, Switzerland). Immunostaining consisted of microwave antigen retrieval (10 min at high level in a 700-W microwave oven), applications of peroxidase blocking agent for 10 min, primary antibody (0.81 g/ml) diluted in 10% FCS/TBS) at 37ЊC for 30 min, biotinylated rabbit anti-rat IgG (1:200 diluted in 10% FCS/TBS) for 30 min at RT, Strept-ABC AP reaction for 30 min and color development using fuchsin (DAKO) for 5 min.
Dual immunohistochemistry/histochemistry was used on selected Carnoy-fixed specimens to identify whether MMP7 or MMP9 were present in natural killer (NK) cells [26] . MMP9 and MMP7 immunohistochemical staining was visualized as above, and NK cells were subsequently detected using biotinylated lectin-Dolichos biflorus agglutinin (Sigma Diagnostics) diluted at 1:200 in 10% FCS/TBS and applied to the tissue for 40 min at FIG. 1. Gelatin zymography, demonstrating the presence of both latent (pro) and active forms of MMP9 and MMP2 in uterine tissue at selected times (in h) after P withdrawal. Two gels run separately are shown, with 20 h included as a reference point. The band at 65 kDa is active MMP2; at 72 kDa, proMMP2; at 84 kDa, active MMP9; at 92 kDa, monomeric MMP9; and at 180 kDa, dimeric MMP9. std: control containing known enzymes as marked.
37ЊC, followed by Strept ABC/HRP (DAKO) for 30 min at RT and the fuchsin substrate-chromogen system (DAKO) for 5 min at RT.
In Situ Zymography
Tissue sections were examined for the presence of active forms of gelatinases and collagenases by gelatin and collagen in situ zymography respectively, as previously described [11] . Substrates used were DQ gelatin from pig skin, fluorescein conjugate, and DQ collagen type 1 from bovine skin, fluorescein conjugate (Molecular Probes, Inc., Eugene, OR). Sevenmicron sections were cut from the center of each frozen tissue block, placed on poly-L-lysine-coated slides, fixed in 10% buffered formalin for 5 min at 4ЊC, and washed three times with cold TBS. Where nuclear counterstaining was required, propidium iodide (Molecular Probes) diluted 1:50 (w/v) in TBS was applied for 8 min at RT and the tissue was then thoroughly washed with cold TBS. The slide was held in a darkened TBS bath at 4ЊC until use. The desired substrate (DQ gelatin or DQ collagen) was dissolved to a final concentration of 25 g/ml in a mixture of 2% gelatin and 2% sucrose in TBS with 0.02% sodium azide and 100 l was layered over the tissue section, covered with a coverslip and incubated in a darkened humid chamber at 37ЊC for 16 h. For control sections, the broad-spectrum MMP inhibitor phenanthroline (Sigma) was added to the section at a final concentration of 10 mM and incubated at 37ЊC for 1 h before counterstaining. Each section was viewed using an Olympus Corp. (Birkeroed, Denmark) fluorescent microscope with a fluorescein isothiocyanate filter.
Assessment of Extent of Tissue Breakdown
Cross sections of formalin-fixed uterine tissue were deparaffinized and hydrated by processing sections through Histosol (Sigma Chemical) and a graded series of ethanol to dH 2 O. The hydrated sections were stained with hematoxylin-eosin using standard procedures. Stained sections were dehydrated and mounted under coverslips using DPX mounting medium (BDH Laboratory Supplies, Poole, England). Sections were then examined for extent of tissue breakdown and/or repair. To quantify the data, relative areas of tissue undergoing breakdown and total endometrial area were assessed on the cross sections, using an OC-M micrometer reticule as previously described [22] . The area of breakdown was expressed as a percentage of total cross sectional endometrial area. All measurements were made by a single observer, blinded to the treatment group. One section from each of n ϭ 10 (control) and n ϭ 7 (batimistat) animals were examined.
Statistical Analysis
All statistical analysis was performed using one-way ANOVA followed by a Tukey-Kramer multiple comparison test. Significance was taken as P Ͻ 0.05.
RESULTS
As previously described [18] , following administration of the decidual stimulus into the uterine lumen of appropriately primed mice, the stromal cell population expanded and differentiated into decidual cells within 49 h (0 h after P withdrawal). Endometrial tissue breakdown was initiated 12-16 h after P withdrawal, and by 24 h, the entire decidual zone had been shed in most animals. Re-epithelialization was often nearly complete by 36 h and the endometrium was generally fully restored by 48 h. Variability was apparent along the length of each stimulated horn, some areas having progressed further in the process than others. By contrast to the stimulated horn, neither tissue breakdown nor repair was observed in the unstimulated horns, which did not undergo decidualization.
Gelatin Zymography
Extracts from uteri taken from 0 to 16 h after P withdrawal were analyzed by gelatin zymography, which identifies both latent and active forms of gelatinase. Five major bands of gelatinolytic activity corresponding to proMMP2 (72 kDa), active MMP2 (ϳ65 kDa), dimeric and monomeric proMMP9 (ϳ180 and 92 kDa) and active MMP9 (84 kDa) were detected ( Fig. 1) . At 0 h, proMMP2 and a faint band of active MMP2 were detectable. By 12 h, additional bands of active MMP2, proMMP9, and dimeric proMMP9 were present. Although the bands representing the two forms of MMP2 remained until 20 h, the active form of MMP2 was barely detected at 24 or 48 h. The most striking change at the later time points was a substantial increase in both monomeric and dimeric forms of proMMP9 and the appearance of some active MMP9, although this was to a lesser extent at 24 h, perhaps because of the compromised state of the tissue.
Immunostaining of MMP9
MMP9-immunopositive cells were present throughout the endometrium in both decidualized and nondecidualized tissue (Fig. 2, A-K) . In the nondecidualized horn, their abundance was low and did not alter throughout the experiment (not shown). In the decidualized horn at 0 h, MMP9 positive cells were mainly located in the basal zone of the decidualized endometrium and were in low abundance ( Fig. 2A) , but their numbers increased dramatically in the basal zone following P withdrawal (Fig. 2, B-E) . Once breakdown of the decidual zone was in progression (20 and 24 h), very large numbers of MMP9 positive cells were also identified within areas of tissue breakdown (Fig.  2, D and E) . As the tissue repaired, MMP9 cells were reduced in number at sites where re-epithelialization was complete, but were retained in substantial numbers where tissue debris remained (Fig. 2F) . Quantitative analysis of the number of immunopositive cells in each of the basal and decidual zones revealed an increase, initially in the basal zone, which reached significance (P Ͻ 0.01) by 16 h. The number of immunopositive cells in the decidual zone also increased significantly by 16 h (P Ͻ 0.01), although there were always fewer MMP9 stained cells here than in the basal zone (Fig. 3) . Double immunostaining or staining on serial sections was used to confirm the identity of the MMP9-immunopositive cells as predominantly neutrophils (Fig. 2, G and H) , but some MMP9-positive macrophages were also found (Fig. 2, I and J). There were no MMP9-positive NK cells (Fig. 2K) .
Immunostaining of MMP7
Different immunoreactive MMP7 cellular staining was detected by two well-verified antibodies in epithelial cells and in some leukocytes (Fig. 2, L-Q) . While decidualization was in progress, there was no obvious change of MMP7 expression in epithelial cells (data not shown), but MMP7 expression in leukocytes within the basal and decidual area increased with time ( Fig. 2L) and reached a peak at 24 h after P withdrawal (Fig. 2M) . In the area of tissue breakdown, more MMP7-immunoreactive cells were obvious compared to the basal area. In uteri where re-epithelialization was occurring (Ն 24 h), there was strong staining for MMP7 in the reforming epithelium (Fig. 2N ) and also abundant MMP7 positive leukocytes around this epithelium (Fig. 2O) . Identification of the subsets of leukocytes with MMP7ϩ phenotype demonstrated that most MMP7-immunoreactive leukocytes were neutrophils ( Fig.  2, P and Q) . No MMP7-positive macrophages or NK cells were detected (not shown).
Immunostaining of MMP13
Immunoreactive MMP13 (mouse collagenase) was not detected in the endometrium of the mice until tissue breakdown was evident (20 h, 24 h). It was first apparent at the interface between the basal zone and the decidual zone, when the extracellular matrix was seen to become disorganized and subsequently was widespread throughout the breaking-down tissue (Fig. 4A) . In contrast to MMP7 and MMP9 immunoreactivity, MMP13 staining was always extracellular.
Immunostaining of MMP3
Positive MMP3 immunostaining was confined to focal areas of endometrial stromal/decidual cells and their adjacent extracellular matrix at 0 h and 12 h when tissue remodeling associated with decidualization was still in progress. Similar foci of staining were also apparent from 16 h to 24 h (Fig. 4C) . Such patchy staining is very similar to that seen in normal human endometrium during menstruation [4] . Subsequently, when the tissue was undergoing repair (48 h; Fig. 4D ) specific staining was apparent in close proximity to the newly reforming epithelium in both stromal cells and leukocytes. This staining was not apparent once tissue had undergone complete restoration.
In Situ Zymography
Both collagenase activity and gelatinase activity can be detected by in situ zymography, depending upon the substrate used. Collagenase activity was detected in the decidualized horns before P withdrawal (0 h). Bright fluorescent (green) spots were apparent around the glands at the edge of the decidual area and less intense fluorescence was apparent within the decidua (Fig. 4E) . The latter is similar in intensity to that seen in decidualized endometrium late in the normal menstrual cycle [11] . Gelatinase activity at time 0 was low, although some discrete spots of fluorescence were seen also around the edge of the decidual area (Fig.  4F) . At 12 h more collagenase activity was apparent within the decidual area, but only on the mesometrial side. Very little gelatinase activity was seen at this time. At 16 h, there was very little activity of either class of enzyme. By 20 h, when tissue destruction was underway, both collagenase and gelatinase activities were apparent around the edge of the area of tissue breakdown, and at 24 h, the time of max- imal tissue breakdown, both activities were apparent only in limited specific areas (Fig. 4, G and J) .
Effects of Doxycycline on Production and Activity of MMPs
Doxycycline was administered to mice from the time of P withdrawal, and uteri were examined 24 and 48 h later to determine whether this treatment affected MMP activity and whether such inhibition of MMPs had any major effect on tissue breakdown or repair in this model. Both gelatinase and collagenase activities, as detected by in situ zymography, were inhibited by doxycycline: the number of fluorescence foci in the decidual zone decreased substantially in the doxycycline-treated group by 24 h after P withdrawal (Fig. 4H) . Importantly, there was no detectable effect on tissue breakdown (Fig. 5B) .
By 48 h after P withdrawal in doxycycline-treated animals, there was only a small quantity of debris remaining within the lumen, and the endometrium had undergone extensive restoration toward a predecidualized state. Doxycycline had no significant effect on endometrial restoration in treated mice compared to the control mice (Fig. 5E ).
Effects of Batimistat on Production and Activity of MMPs
Batimistat was administered to mice 3 h before P withdrawal to determine whether specific inhibition of MMP activity would alter tissue breakdown or repair in the mouse model. Uteri were harvested and examined 24 and 48 h after P withdrawal. At 24 h after P withdrawal, both gelatinase and collagenase activity were barely detectable in uteri from batimistat treated animals (Fig. 4, I and L) . However, no significant effect on tissue breakdown was noted, with the breaking-down area being 69% Ϯ 13% and 72% Ϯ 10% (mean Ϯ SD) of the total area for control and batimistat-treated uteri respectively (Figs. 5C and 6 ). Additionally, no difference in the degree of decidualization, examined by desmin immunostaining, a marker for decidualization (data not shown), was evident between treatment groups. Because the action of batimistat is specifically to inhibit MMP activity, the lack of effect observed on MMP immunostaining was as expected (data not shown).
By 48 h after P withdrawal, tissue from batimistat-treated animals had undergone extensive restoration toward a predecidualized state, indicating no significant effect of batimistat on endometrial restoration compared to control mice (Fig. 5F ).
DISCUSSION
In this study, sequential expression and activity of endometrial MMP2, MMP3, MMP7, MMP9, and MMP13 were examined in a mouse model for endometrial breakdown and repair [18] . Both the cellular location and changes in expression of these MMPs, as tissue breakdown was initiated and completed and as endometrial repair proceeded, mimicked closely those seen in the human endometrium during the perimenstrual and menstrual phases of the cycle. Two inhibitors of MMPs were used in this study; both were proven to be effective in inhibiting MMP activity, but, surprisingly, they had little effect on either the extent of tissue breakdown or subsequent repair.
In the human, strong correlative evidence exists supporting a role for MMPs in menstruation. Studies using in vitro culture systems of isolated stromal and epithelial cells and endometrial explants have demonstrated the presence (either protein or mRNA) of a number of MMPs in premenstrual and menstrual endometrium, including MMP1, MMP2, MMP3, MMP7, MMP9, MMP10, and MMP11 [1-6, 11, 12, 27] . Although mRNA and protein localization studies lend support to a role for MMPs in menstruation, they are not indicative of MMP action or activity. Critical evidence for the importance of MMPs in menstruation came from an in vitro study using MMP inhibition compared with inhibition of other classes of proteases, which showed that only MMP inhibition stopped breakdown of endometrial explants [12] . Additionally, in situ zymography studies demonstrated elevated MMP activity before and during menstruation, at a level significantly higher than that during other phases of the cycle [11] .
In this study, both MMP7 and MMP9 were colocalized with various leukocyte markers. In human endometrium, the number of leukocytes, particularly neutrophils, rises substantially immediately premenstrually, when they are believed to play a role in tissue destruction through their production of various enzymes and proteases, including MMPs [1] . MMP9 has previously been colocalized to neutrophils in regions of tissue degradation [28] , and thus it is expected that the role of neutrophil MMP9 in the mouse model is one of degradation. In particular, its basal localization indicates a likely role in the destruction of extracellular matrix surrounding decidual tissue, allowing the necrosis or degradation of this tissue by other factors. This supposition is supported by the observation that at the time of maximal tissue breakdown gelatinase activity is restricted to the basal zone in a similar pattern to that observed for MMP9. MMP13 is also expected to play a significant role in tissue destruction in this model, with immunoreactivity only detected once breakdown was evident. In the human mRNA, as well as activity, for the equivalent human homologue MMP1, is significantly upregulated only at the time of menstruation and not during other phases of the cycle [8, 29] . The widespread expression pattern of MMP13 protein in this mouse model suggests a role in the breakdown of decidual tissue that may occur subsequent to or in concert with the action of MMP9. MMP7-positive neutrophils were also detected maximally 24 h after P withdrawal. However, in contrast to basally-located MMP9-positive neutrophils, cells expressing MMP7 were more abundant in and around central areas of tissue destruction. The differential expression of MMP family members by neutrophils in distinct areas of tissue destruction may result from disparate regulatory signaling within each focal area. It is well recognized that within tissue, leukocytes, including neutrophils, are capable of producing a plethora of regulatory molecules, including cytokines, chemokines. and a range of enzymes that are important either directly in matrix degradation or indirectly by activation of other proteases [30] .
In addition to their role in tissue destruction, MMPs also play a significant role in tissue repair [31] of many tissues including the skin [32] , airways [33, 34] , cornea [35] and intestine [36] . Functional studies in mice have revealed a significant impairment of wound healing capabilities in both MMP7 [31] and MMP3 [37] knock-out mice.
In human endometrial epithelium, MMP7 is strongly expressed during the menstrual phase. MMP7 has previously been shown to be important for re-epithelialization following wounding in the trachea [38] . In our mouse model, MMP7 was detected in both epithelial cells and some leukocytes during breakdown, and was markedly upregulated during repair. The presence of MMP7 at sites of re-epithelialization, both in the reforming epithelium as well as in surrounding leukocytes, strongly suggests a role for MMP7 also in tissue repair in the endometrium. MMP3 was also identified in and around areas of re-epithelialization, but in contrast to MMP7, MMP3 protein was significantly upregulated only in stromal cells surrounding sites of re-epithelialization, and disappeared once the tissue had completely reverted to a predecidualized state. A similar pattern of MMP3 mRNA expression has been reported in corneal wound healing [39] . In this tissue, MMP3 is thought to play a role in basement membrane assembly, and stromal remodeling. The switching-off of MMP3 following the reestablishment of a mature epithelium is postulated to be one of the signals for the cessation of wound healing, including MMP production [39] , and this may also be true for the endometrium following menstruation.
To examine the functional significance of MMPs in the endometrial breakdown and repair observed in the mouse model, two MMP inhibitors were employed. Tetracycline derivatives are capable of MMP inhibition via multiple mechanisms, including chelation of the zinc atom at the active site to interfere with MMP action, as well as interference of proteolytic activation of latent MMPs and reduction of enzyme expression [40] [41] [42] [43] . Doxycycline is the most potent MMP inhibitor of the approved tetracyclines [44] . In vitro studies have demonstrated effects including inhibition of transcription or activity of MMP1, MMP2 (at least in part via action on MT1-MMP), MMP8, MMP9, and MMP13 [40, [45] [46] [47] [48] [49] . Tetracyclines also have effects on the interleukin-1 system, [45, 46] , actions that would indirectly lead to a reduction in MMP action. They retard excessive tissue breakdown and bone resorption [19, 50] and affect chemotactic activity of leukocytes [51] . Administration of doxycycline to mice in very early pregnancy reduced the size of implantation sites, and this reflected the implantation-related phenotype of MMP9 null or TIMP1 transgenic mice [22, 52] . The second MMP inhibitor used, batimistat, is a substituted peptide analog of the peptide residues on one side of a principle cleavage site in type 1 collagen [53] . It is capable of producing specific potent reversible inhibition of MMPs via its hydroxamate group, which binds the zinc atom in an MMPs active site [54] . Batimistat has weak cytostatic effects against cancer cell lines in vitro, but is not cytotoxic. Batimistat also inhibits ADAM17 (also known as TNF␣ (tumor necrosis factor) converting enzyme or TACE), which interferes with the release of bioactive TNF␣ [55] and products of the actions of other ADAMs proteases. Clinical trials have demonstrated positive effects of batimistat in animal models of breast, ovarian, and colorectal cancer, including decreased growth of metastatic tumors [20, 53, [56] [57] [58] .
Although the efficacy for inhibiting MMP activity in the endometrium was proven for batimistat and a clear reduction of activity was shown for doxycycline, neither had an effect on endometrial breakdown or repair in the mouse model. This was surprising, given the similarity in MMP expression patterns between perimenstrual endometrium in women and that seen in this model, and because MMPs are thought (although not proven) to be critical for menstruation in women.
A major difference between the mouse and human endometrium is that in the human, decidualization of stromal cells occurs spontaneously and is initiated late in every cycle, whereas in the mouse, it is induced naturally only by the presence of a blastocyst. It has been proposed that the destruction and restoration of the endometrium is necessary because of the irreversibility of this differentiative process. Indeed, it has been noted that menstrual sloughing is more extensive in one species of fruit bat, the black mastiff bat (M. ater), in which endometrial differentiation progresses further in the nonpregnant cycle [15] . Correlation between decidual response and menstruation is also supported by differences between women and the rhesus macaque. In women, the decidual reaction begins around the spiral arterioles and spreads through the upper two thirds of the endometrium with significant enlargement of the periarteriolar stromal cells. In contrast, although there is some enlargement of stromal cells surrounding spiral arterioles, decidualization and bleeding in the rhesus monkey is minimal [59] . It is of interest that in the mouse model used in the present studies, tissue breakdown and repair is observed only in the decidualized uterine horn, supporting the contention that initiation/progression of decidualization is closely linked with the onset of menstruation following withdrawal of P.
However, an important difference between the mouse model and the human is that once decidualization is initiated in the mouse, it progresses much more extensively and at a more rapid pace than that observed in the human. A means to restrain decidualization of the mouse endometrium once it is underway has not been found. This extensive decidual response in the mouse model may be one reason for our inability to restrain the endometrial breakdown using MMP inhibition. It is also not clear why MMP inhibition had no observable effect on the tissue repair in the mouse model; menstrual/endometrial repair may require different mechanisms from wound healing [60] . Importantly, most wounds heal with scarring, whereas endometrial repair occurs without scarring, which otherwise occurs only during fetal development. However, in one study in the postpartum mouse [61] endometrial 'nodules' have been reported.
In conclusion, the results of this study demonstrate that although MMPs are present during endometrial breakdown and repair in the mouse model, they are not the key contributors to these processes in this model. However, given that there are differences between the mouse model and the human, these studies do not confirm or refute the role of MMPs in menstruation or endometrial repair in women. Indeed, further investigation is required to define the limitations of this model and its applicability to events in the human. The function of infiltrating cells in these processes is currently under investigation to determine whether the production of cytokines or proteases other than MMPs are essential to endometrial breakdown or repair in this mouse model.
